We performed the 1/f noise measurements on n-channel indium antimonide ͑InSb͒ metal-oxidesemiconductor field-effect transistors ͑MOSFETs͒ biased in linear and saturation regions operated at 77 K. Through the investigation of the dependence of drain voltage noise power spectral density on gate and drain bias, we have estimated the oxide-semiconductor interface trap density as a function of energy. In this analysis, both the noise magnitude and the spectral shape were studied. In this study, the frequency span was performed from 150 Hz to 5 kHz. The noise behavior of the device was modeled using the modified McWhorter Model, originally developed for silicon FETs. The interface trap concentration values computed from the low-frequency noise measurements using the previous model were found to agree closely with InSb/SiO 2 interface properties measured by capacitance and conductance methods.
INTRODUCTION
Indium antimonide ͑InSb͒ is a direct, narrow band gap semiconductor which has important applications in infrared ͑IR͒ radiation detection as charge transfer devices, linear and two-dimensional charge injection device arrays, and chargecoupled device imagers. [1] [2] [3] As with other analog devices made of silicon or III-V semiconductors, InSb devices also suffer from excess 1/f noise. However, due to the relatively limited applications of this material, the noise properties of InSb devices have not been extensively studied as silicon devices have. Therefore, origin of 1/f noise in these InSb devices is still unknown and there are no theories to model their noise behavior. Moreover, when these devices are operated at low frequencies for IR radiation detection and signal processing, 1/f noise usually dominates their operation.
Most of the experimental work on 1/f noise in silicon or III-IV, semiconductor devices has concentrated on p-n photodiodes. [4] [5] [6] [7] [8] [9] Although the value of band gap energy, as well as the type of surface passivation play important roles in the origin of excess noise, most researchers came to the common conclusion that fluctuations in the generationrecombination ͑G-R͒ current in the surface depletion region are responsible for the 1/f noise in these devices. [4] [5] [6] Among the theories to account for these fluctuations, the most popular one has been the surface-trap induced-carrier fluctuation model that has been first introduced by McWhorter 10 and later applied to p-n junctions by Hsu. 11 It should be noted that 1/f noise fluctuations originating from the bulk depletion region have also been observed. 7 In addition, bulk charge carrier mobility fluctuations, 12 as well as Umklapp and coherent state quantum fluctuations 8, 13 have been offered as models for the origin of 1/f noise in III-V semiconductor diodes.
Other investigations on excess noise of silicon and III-V semiconductor devices include photoconductors where the roles of grain boundaries and contacts on the magnitude of noise have also been examined. [14] [15] [16] However, to our knowledge, there is no published work to date on the noise measurements and responsible mechanisms for InSb metaloxide-semiconductor ͑MOS͒ devices. Although one might be tempted to assume that the models developed for other metal-oxide-semiconductor field-effect transistor ͑MOSFET͒ devices such as silicon and III-V semiconductor devices could be applied as well to InSb MOS devices, caution should be exercised to include the unique material properties of InSb such as its direct, narrow band gap and unique operation conditions of the IR devices, such as cryogenic temperatures and extreme low-noise requirements. Especially, since the surface properties of InSb-dielectric interfaces have not been extensively characterized, any surface noise model developed for Si-SiO 2 should be applied with extreme care. In this article, we present the results of 1/f noise measurements on InSb MOSFETs. In the next section, experimental procedures and results will be presented, followed by the detailed discussion of the results. Modified McWhorter model originally developed for MOSFETs will be applied to the experimental data with appropriate changes. InSb/SiO 2 interface properties obtained through the fitting parameters of this model will be compared to the interface characteristics obtained by capacitance-voltage and conductance methods.
EXPERIMENT
The MOSFETs on which the 1/f noise measurements were performed were fabricated in Texas Instruments on bulk InSb which corresponds to an energy band gap of 0.23 eV and a cut-off wavelength of 5.4 m at 77 K. The devices were n-channel and enhancement type. The p-type InSb substrates were Cd-doped with a background concentration of 3ϫ10 14 cm Ϫ3 , while the n-type drain and source regions were obtained by doping with silicon to 8ϫ10 16 cm Ϫ3 . The channel length was 25 m, and the channel width varied between 25-75 m. The surface was passivated with direct photo-chemical vapor deposition oxide followed by 1200 Å of SiO 2 deposition as a gate dielectric. 1, 3 The gate metal was chromium and gold with thicknesses of 300 and 800 Å, respectively.
A typical low-frequency noise measurement set-up, consisting of a PAR-113 preamplifier and a HP 3561 A dynamic signal analyzer, has been used. The details of the experimental configuration can be found elsewhere. 17 The devices were loaded into a liquid N 2 double-jacket Dewar where they were cooled down to 77 K. All measurements were taken in dark.
As with all noise measurements, a major concern in this experiment was the spurious noise sources. Since a shielded room was not available, special care had to be taken to minimize the extraneous noise sources in the laboratory. The double-jacket liquid nitrogen Dewar provided an adequate shield against most of the electrical radiation. The use of short BNC cables, metal-film resistors, and Al shielding boxes also helped to minimize the extraneous noise. Moreover, the thermal noise of the device and the background noise were subtracted from the device noise measurements.
Depending on the purpose of the investigation, many ways to measure and express the excess noise of a MOSFET exists. The spectral density of drain-to-source voltage S Vd or current S Id can be measured. This can be referred to the input in the form gate-voltage noise S Vg or expressed as output noise: S Vd ϫS Id . In our experiments, we chose to measure the drain-to-source voltage noise spectrum instead of drain current noise spectrum, since this is a direct way of observing output noise without the use of an additional resistor. Furthermore, it is preferable to evaluate S Vd instead of S Id for the simplicity of computations. 17 The results were not converted to input gate noise, since it has been previously shown that this could lead to erroneous results at low drain voltages. 18 However, this conversion can be easily done if needed.
The drain voltage noise power spectral density was measured in the frequency range of 500 Hz-2 kHz. The lower frequency cut-off was chosen such that 60 Hz-line voltage and its first three harmonics were not visible in the measurements. The higher cutoff was set according to the levels of device thermal and background noise. Figure 1 shows the typical noise spectra obtained at four different gate voltages of 1.0, 1.5, 2.0, and 2.5 V. The drain voltage was kept at a constant 0.2 V. Each spectrum corresponds to 1500 fast Fourier transform averages and follows a form of 1/f ␥ where 0.7Ͻ␥Ͻ1.1. Contrary to the noise experiments on silicon MOSFETs, 17, 19, 20 we did not observe any dependence of ␥ on either the gate bias or the drain voltage. The frequency exponent seemed to vary arbitrarily between the above limits, without following any trend. Detailed discussion of this behavior will be done in the next section.
The gate voltage dependence of the noise power was investigated by measuring the drain voltage noise spectral density as a function of gate bias at a constant drain voltage of 0.2 V. The low-drain voltage was adopted for the ease of calculations and to avoid recombination-generation noise that is known to emerge at the drain end of the channel in the saturation region. Figure 2 depicts S Vd at 500 Hz vs V g at 77 K. The noise power decreases with increasing gate bias similar to the trend observed in silicon MOSFETs, however, at a much slower pace. Similar behavior was noted for different frequencies and drain voltages. The data can be accounted for using modified McWhorter theory that will be explained in the next section.
In addition to the gate voltage dependence, drain bias dependence of 1/f noise has also been studied with gate voltage kept constant in the linear and saturation regions of operation. S Vd ( f ϭ500 Hz) vs drain voltage is shown in Fig. 3 for the gate voltages of 1.5, 2.0, and 2.5 V. In the linear region of operation, the noise power consistently showed a clear V d 3 dependence for all gate voltages. This is contrary to the predictions of the classical theory of resistance fluctuations where a quadratic dependence would be expected. At this point, we cannot fully account for this behavior. Some of the possibilities are the existence of contact noiseespecially since the sample has a two-probe geometry which is inherently prone to contact noise-heating effects, or other anomalies.
In the next section, the experimental findings will be explained with a noise model developed for the linear operation region of the MOSFETs. No attempt has been made to quantitatively analyze the saturation region data in this study.
THEORY AND DISCUSSION
In order to account for the data, modified McWhorter theory that has been originally developed for silicon surfaceconduction devices such as MOSFETs was applied to InSb MOSFETs. According to this noise model, the responsible mechanism for 1/f noise is the fluctuations in the number of charge carriers due to trapping and detrapping of these carriers by the surface states at the semiconductor-dielectric interface. The interaction between carriers and the trapping states in the dielectric occurs by tunneling at a constant energy. The details of the model and the full derivation of the expression for the current noise power spectral density S I is given in previous articles. 17, 19 Here, only some aspects as they apply to the InSb MOSFETs are discussed.
As shown previously, in the linear region of transistor operation, the power spectral density for the drain current S Id can be written as
where W is the channel width, is the mean electron mobility in the channel, q is the elementary charge, L is the channel length, V ds ϭV g ϪV T is the drain saturation voltage, V(z)
is the potential at point z in the channel, E c is the conduction band edge, E is the valence band edge, E is the trap energy level, N t is the density of interface traps, f t is the occupancy of the traps, is the tunneling time constant for the traps, y is the distance into the oxide, and is the angular frequency. Using the elementary MOSFET theory and gradual channel approximation, an expression for the drain voltage noise power is obtained as
Here, C o is the gate oxide capacitance. Generally speaking, traps are distributed over space inside the insulator, as well as in energy over the band gap. Any nonuniformity in the spatial distribution of the traps would cause a deviation in the shape of the pure 1/f power spectrum. For example, if there is a net increase in the trap concentration further in the insulator from the semiconductor interface, this would cause the carriers to encounter more traps as they tunnel into the insulator. Since the traps located further in the insulator correspond to higher time constants and therefore to lower frequencies, this would cause the noise power in the low frequency region of the spectrum to increase. Hence, the spectrum will be steeper than 1/f . In other words, the frequency exponent ␥ in the 1/f ␥ spectral form will be greater than one. Even if there is no intrinsic nonuniformity in the spatial distribution of the traps, bandbending due to gate bias will ''pull down'' the traps, effectively causing a nonuniform distribution relative to the carriers tunneling at a constant energy. Consequently, a net increase or decrease in ␥ will be observed with increasing gate bias depending on the energy distribution of the traps. 19, 20 Since no such increase or decrease is observed in our experiment and ␥ was independent of gate bias, we assumed N t to be only a function of energy E in our calculations. Physically, the fact that ␥ is independent of bandbending implies that in the range of gate bias we have performed our experiments, the Fermi level does not sweep a large energy range such that the trap concentration does not change significantly. It might also imply that the interface trap density remains constant in the whole band gap. The latter possibility can be checked by the gate bias dependence of the 1/f noise magnitude. This point will be explained later in this section.
For our calculations, we assumed an exponential energy distribution of interface traps
Here, N i is the trap concentration at mid-gap, and is the exponential factor. Negative, as well as positive values of were considered. Negative values correspond to an increasing trap concentration towards the mid-gap from the conduction band-edge. Positive values, on the other hand, correspond to the opposite trend. It should be noted that the factor f t (1Ϫ f t ) in Eq. ͑1͒ ensures that the most significant contribution from the traps occurs in a narrow energy range. Therefore, any functional form of N t can be chosen for that small energy range. 17 We chose an exponential form for the ease of calculations. Since the interface trap distribution does not depend on the distance y in the insulator, the inner integral with respect to y can be readily evaluated if (E,V,y) is known. The probability of penetration of the carriers in the insulator decreases exponentially with distance from the interface, following the Wentzel-Kramer-Brillouin approximation. where, m* is the electron effective mass and h is Planck's constant. The calculated ␣ value of 3ϫ10 7 for InSb-SiO 2 interface is lower than that for Si-SiO 2 interface. Computing 0 , on the other hand, is harder, since the capture coefficient of surface-state traps at the InSb-SiO 2 interface is still unknown. For our calculations we assumed a value of 10 Ϫ9 s. This is reasonable in the light of other semiconductor interfaces and agrees closely with the g-r relaxation times observed in InSb. 22 If 0 is of the order of 10 Ϫ9 s and ␣Ϸ4 ϫ10 7 cm Ϫ1 , for traps distributed up to 100 Å, the inner integral of Eq. ͑1͒
can be approximated as /2␣ for frequencies of 10 Ϫ6 -10 7 Hz. This is a common approximation done in modeling 1/f noise in silicon devices. However, such short cuts are not apparent for InSb devices. All parameters have to be reevaluated. And all approximations that are routine for silicon devices have to be reconsidered.
The term f t (1Ϫ f t ) in expression ͑1͒ behaves almost like a delta function around the quasi-Fermi level F n for electrons. 21 Therefore, the energy integral can be approximated as
͑7͒
Here k is the Botzmann constant, and T is the temperature. Combining Eqs. ͑1͒, ͑2͒, ͑6͒, and ͑7͒, one obtains the expression for drain voltage noise power spectral density
where U s is the unitless measure of band-bending at the semiconductor-insulator interface defined as
͑9͒
Here F p is the quasi-Fermi level for holes. The exponential term in the denominator of the integral in Eq. ͑8͒ comes from the factor f t (1Ϫ f t ) in Eq. ͑7͒, whereas the numerator is derived from the interface trap distribution
The band-bending, U s is essentially the surface potential and therefore a function of the gate bias, as well as the channel potential. This term can be evaluated for each V g and V using conventional charge technique. 23 Expression ͑8͒ is a simple numerical integration with respect to channel voltage V. We used Simpson's method to evaluate the integral for different gate and drain voltages.
There are two fitting parameters, namely and N i , to fit the theory to the experimental findings. In our analysis, we first found the optimum value of such that the computed change of noise spectral density with respect to gate bias agrees with the data. Then, the absolute magnitude of 1/f noise was fitted to the data by varying the trap concentration at mid-gap N i . The calculated curve in Fig. 2 It should be noted, however, that at the bias conditions we operated the devices, the quasi-Fermi level for the electrons was at or above the conduction band edge, 0.10(eV) р(F n ϪE i )р0.15(eV). Therefore, the trap concentration values obtained from the fitting parameters are actually valid for that energy interval. The midgap interface state density N i is merely an extrapolation. Using the above values of N i and , one can extract the trap concentration for the above energy range from the measured gate bias dependence of noise magnitude. This is shown in Fig. 4 . The computed interface trap density for the conduction band edge is 9 ϫ10 10 (cm Ϫ2 eV Ϫ1 ) which is in close agreement with the values obtained by Yang et al. using capacitance and conductance methods. 24 Moreover, the general trend of increasing trap density from the conduction band edge towards the mid-gap, i.e., the negative value in our model, has also been observed by the same researchers.
We also attempted to predict the drain voltage dependence of the power spectral density. As discussed previously, the model yields a quadratic dependence on drain voltage, whereas the measurements showed a clear V d 3 dependence for the linear region. The computed curve using the fitting parameters found from Fig. 2 is compared to the measured values for the gate bias of 2.0 V in Fig. 5 .
As a last point to this section, we would like to discuss the effect of considering correlated carrier mobility fluctua-tions in the model, as well as the carrier density fluctuations. The trapping centers in the semiconductor-oxide interface and in the dielectric may cause fluctuations in the mobility of the channel carriers through coulombic scattering by the fluctuating trapped charge in these centers. 25 Since both the carrier number fluctuations and the mobility fluctuations are due to the trapping and detrapping events at the interface, they are correlated. Detailed derivation of the correlated model has been done by Jayaraman and Sodini, 26 and independently by Hung et al. 27 Given a measured level of 1/f noise, the extracted trap densities from the data are lower for the correlated model than the pure number fluctuation model. However, since the difference is small, 26 i.e., well within the same magnitude, in this study we did not attempt to include mobility fluctuations in our model. The error introduced into the calculated trap density values due to this omission is well within the experimental error.
CONCLUSION
We have performed low-frequency noise measurements on InSb. MOSFETs at 77 K. The modified McWhorter theory originally developed for silicon MOSFETs is shown to give the correct dependence of 1/f noise spectral density on gate bias. However, contrary to the predicted quadratic dependence on the drain voltage, we have observed a V d 3 dependence in our measurements. We believe the increase in noise magnitude at high drain voltages is due to heating effects. The interface trap distribution extracted from the measurements using the McWhorter model agrees closely with independent measurements on InSb MOS structures using capacitance and conductance techniques. 
